Interest in the evolutio~lof grasses began early in this century with proposed hypotheses based on assessment of existing knowledge of the family (e.g., Bew, 1929 Bew, : H~lhbarcl,1948 Stebbins, 1956 Stebbins, , 1982 Prat, 1960; Clayton, 1981; Tsvelev, 1983) . Eln~iricalapproaches to phylogenetic reconstruction of the Poaceae followed those initial hypotheses, starting with cladistic analyses of morphological ancl anatomical characters (Baum, 1987; Kellogg Campbe11, 1987 ; Kellogg S- Watson, 1993) . lnolecular data have provided the grounds for phylogenetic in grasses at the subfamilial ancl tribal levels. These studies were based on information from chloroplast DN.4 (cpDNA) restriction sites and DNA sequencing of the rbcL, ndhF, rps4, rpoC2, mi~tK,nuclear rihosoma1 DNA (nrDNA) 18s and 26S, phytochrome, ancl granule-bound starch synthase genes, as well as the noncocling n r ~ ~~l ~ standing of grass evolution at the subfamilial level ancl, to a certain degree, at the tribal level, major questions remain to be resolved. Although the basal positions of Anornochloeae, Phareae, and Streptochaeteae have been established, their relative placement ancl taxonomic status are debatable. Uncertainties also concerning the phylogenetic affinities alnong sullfamilies the taxonomic rank of others such as the ~ ~ ~ ~ i ~ In this study, the chloroplast mcltK gene was chosen to acldress these and other questions pertaining to higher-level grass systematics, The nliLtK gene is -1515 base pairs (hp) in most angiosperms, locatecl within the trnK intron, and functionally may be involved in splicing group I1 introns (Neuhaus S- Link, 1987; Ems et al., 1995; Hilu & -Alice, in press a). The effective application of this gene in plant systematics (e.g., Johnson S- Soltis, 1994 ,~~~i b~d 1995: Hilu S- Liang, 1997 : Kron, 1997 ) and grasses spacer (ITS) region ( ~ 8. zimrner, 1988; D~~-~ b ~ bley et al,, 1990; Davis & Soreng, 1993; CLlmmings (Liang S-Hilu, 1996: Hilu & in Press a, 11) et al,, 1994; has already been documented. mi~tKis known to et al., 1994; ~~i~~ et al., 1994; ~ ~ ~ l ~ t ~~~k~~et al,, 1995, 1999; clark et al,, 1995 ; D~-have relatively high rates of substitution compared been deinonstratecl to he quite useful in resolving trnK 3' trnK 5' -subfamilial, ancl to a certain degree, tribal relationships in Poaceae (Liang & Hilu, 1996) .
matK PLANT SAhIPLES We sequenced the entire matK gene of 62 Poaceae species representing 60 genera, 26 tribes, and nine subfamilies (Appendix 1).Suhfamilial and .. tribal classification generally follows Clayton ancl Renvoize (1986) . Restio tetraphyllus (Restionaceae) ancl Joznvilleu ascendens (Joinvilleaceae) were used as outgroups because recent studies have clemonstratecl that these two families are closely related to grasses (Doyle et al., 1992 ; Kellogg 8. Lincler, 1995; Soreng & Davis, 1998 , and references therein).
DNA ISOL.kT1ON. POLYMERASE CH.AIN REACTION (PCR)
A?lPLIFIC.kTION. AND SEQUENCING Leaf tissue was harvested from either greenhouse-grown plants, field-collected plants, or herbarium specimens. Total cellular DNA was isolated follo~ving M' Ribu and Hilu (1996) . Because the nmtK gene is part of the trnK intron, we used two primers (MG1 or tmK3914 and MG15), located in the trnK 5' and 3' exons, respectively, for PCR amplification. For sequencing, trnK region PCR products were electrophoresed in 0.8% agarose gels and DN.4 fragments of appropriate size excised and purified using a QIAquick gel extraction kit (QIA-GEN, Inc., Valencia, California). For each accession, the entire mutK coding region was sequenced, utilizing three to six primers (Fig. 1) . Sequencing reactions were carried out using two different ABI Prism" Dye Terminator Cycle Sequencing Kits (Perkin Elmer, Nonualk, Connecticut). Most samples were electrophoresed in an ABI 373L4 aautomated DN.4 sequencer with a stretch gel or in an ABI 310 Genetic Analyzer (Applied Biosystems, Inc., Foster City, California). Resulting chromatograms were manually edited using Sequence Navigator 1.0 software (-AppliedBiosystems Inc., Foster City, California). Sequences were deposited in GenBank (see Appendix 1).
SEQUENCE ALIGNMENT AND PHI-LOGENETIC .ANALYSIS
Alignment of complete matK sequences was unambiguous ancl, thus, done manually. Twelve gaps varying in length from 1 to 9 hp were required to align sequences (Table 1) . Non-random structure in the data was tested by using the random trees option in PL4UP*4.0b2a (Swofforcl, 1998) . The g,value for the distribution of tree lengths of 100,000 random trees was coinpared using the critical value (at a = 0.05) for 500 variable characters ancl 25 taxa. Beyond 15 taxa, g,critical values change only slightly, allowing them to be used in a conservative test with more taxa (Hillis & Huelsenheck, 1992) .
Phylogenies were generated using Fitch parsimony as implemented in PAUP, employing heuristic searches consisting of 1000 replicates of random stepwise addition of taxa with MULPL4RSon and tree-bisection-reconnection (TBR) branch swapping. Gaps were treated as missing data. Sets of equally parsimonious trees were summarized by strict consensus. Parsimony-informative gaps are mapped onto the strict consensus cladogram (Fig.  2) . Because the transitionltransversion ratio (nslnv) in this mutK data set is 1.33: 1.0, all characters were equally weighted. The ns/nv was calculated with MacClade 3.01 (Maddison 8. Maddison, 1992) and based on the strict consensus tree. To explore the effects of positional weighting, third positions of codons were downweighted to one-half that of first ancl second positions. Decay indices (Bremer, 1988; Donoghue et al., 1992) and bootstrap values (Felsenstein, 1985) , based on 100 replicates, were calculated as measures of support for individual clacles. Decay analyses were perf'orrned with AutoDecay (Eriksson S- Wikstrom, 1996) , using the reverse constraint option in PAUP. The clata set was also analyzed with a Neighbor-Joining (NJ) approach utilizing Jukes-Cantor (1969) Evidence of non-random structure in the Poaceae matK data set is significant ( P < 0.01) based on the g, value (-0.376 ). Claclistic analysis with gaps coded as missing clata yielded 3 9 equally parsimonious trees 2163 steps in length (strict consensus in Fig. 2 ). The Consistency Index (CI) and Retention Index (RI), excluding uninformative characters, are 0.453 and 0.700, respectively. Based on the polynomial regression of Sanderson and Donoghue (1989) , the estimated CI for 64 taxa is 0.364; therefore, levels of homoplasy in our data set are lower than predicted. Their regression is limited to 60 or fewer taxa, ancl expected CIS for 44 ancl 60 taxa are virtually identical (0.344 ancl 0.347, respectively). Thus, the expected CI value for 64 taxa according to Sanderson and Donoghue's (1989) regression may he inflated.
The strict consensus tree ( Fig. 2) shows Streptochaeta and Anomochlou to be the two most basal lineages, followecl by Pharus as sister to the other grasses. The remaining species assort into three well-supported lineages. One clade includes members of Bamhusoideae and Pooideae (including Brachyelytrurn; Bambusoideae), another contains Oryzoideae (including Ehrharta, Ehrharteae), ancl a third clade comprises subfamilies Panicoicleae, Arundinoicleae, Centothecoideae, ancl Chloricloideae (PL4CC). Among the three clades, the PACC group has the greatest support with a bootstrap value of 100% ancl a decay index of 13.
The hamhusoid-pooid clade is well supported (88% bootstrap and decay of 4) and divided into two lineages: one corresponding to the Bambusoideae and the other to Brachyelytrurn + Nardus and other Pooideae. Within the Bambusoideae, Sass In a strongly supported PACC clacle, Aristida appears basal, hut bootstrap and decay support is low (Fig. 2) . Following this group are four unresolved lineages: (1) Arundo, (2) Phragmites + Molinia, (3) subfamilies Centothecoideae and Panicoideae. and (4) Danthonia, Centropodia, + subfamily Chloricloideae. Monophyly of the Centothecoideae is not well supportecl (74% bootstrap and clecay of l ) , yet support for the Zeugite.5-Lophatherurn-Orthoclada subclacle is very strong (bootstrap value of 100% with a decay index of 15). The Panicoideae do not appear monophyletic because Loudetiopsi.~ (Arundinelleae) appears as an unresolved lineage separate from the Centothecoicleae ancl Panicoideae. Aside from Loudetiopsis, the panicoid grasses are strongly supportecl with a bootstrap value of 95% ancl a clecay inclex of 4. The Panicoideae divide into two suhclades: (1) Paniceae (Digitaria, Pnnicum, and Echinochloa): ancl (2) the apparently paraphyletic Andropogoneae (Zea, Sorghum, Hyparrhenia, and Andropogon), with Tri.stachya (Arundinelleae) sister to the latter three genera. Support for the inonophyly of. ancl relationships among. the Centothecoicleae, Panicoideae, ancl Loudetiopsis is low.
The association of Danthonia and Centropodin (both Arunclinoideae) with subfamily Chloridoicleae has reasonable support (bootstrap value of 62% and a decay inclex of 2) based on matK clata. The Chloridoideae are very strongly supported (100% bootstrap and decay of 10) as a monophyletic lineage. Within the chloricloid clacle are three well-defined subclades, including Uniola, Pappophorum, ancl Eragro.stis as sister to the other species, Sporobolus + Zoysia, ancl a thircl subclacle containing the remaining meinhers of the Chloricleae, Eragrosticleae, and Orcuttieae. The only well-supported structure within this latter group is a clade including Astrebli~, Chloris, and ~Wicrochloa (97% bootstrap and decay 5).
When thircl positions of codons are clownweighted (tree not shown) there is a general loss of resolution among the Arunclinoicleae taxa at the hase of the PACC clade, Loudetiopsis emerges unresolved and separate from the centothecoid-panicoid clade, and the Or-yzoideae occupy an intermediate position between the Bainbusoideae-Pooideae clade ancl PACC. The NJ analysis hased on Jukes-Cantor ancl Kiinura 2-parameter distances yielded trees identical in topology to each other ( Fig. 3) and that are largely consistent with the parsimony phylogeny ( 
INSERTIONS -\ND DELETIONS (Ii\'DELS) IN 1117' I<
The incorporation of 12 gaps was necessary to align the nantK sequences of Restio, Joincillen, and Poaceae. From the strict consensus tree (gaps coded as missing clata), seven insertions and fbur deletions were determined (Table 1) . Another 3-bp gap (k) in Restio was identified as a deletion based on a broader sampling of matK sequences (Hilu & Alice. in press a). Five of these indels are parsimony-informative (three insertions and two cleletions), of which fbur are synapomorphic. These synapomorphic indels include the 9-bp deletion (h) uniting the Poaceae. the 1-hp deletion (j)clistinguishing Streptochaeta ancl Anomochloa froin all other grasses, the 6-11p insertion (1) characterizing the PACC clade, and the 3-bp insertion (c) present in Leymu.s ancl Eiticuna. The 6-bp insertion (h) found in Hpnrrhenin ancl Sorghum is homoplasious. The two indels that are not a multiple of three (i and j; both are single hase deletions) occur near the 3' end of the 1rzutK gene ancl, thus, do not -have a major impact on protein composition (Hilu B. Alice, in press a). Among the remaining indels.
six (a-f) are located within the first 285 nucleotide Volume 86, Number 4
Hilu et al. Phylogeny of Poaceae sites of the 5' region, one (g) is found at sites 829-834, and three indels (h, k, and 1) occur within -100 sites of the 3' end of the gene.
Analyses of the rnatK sequences fbr the 62 grass species demonstrate again the high rate of substitution in this gene. The 764 (48.8%) variable and 473 (30.0%) parsimony-informative positions contribute a considerable number of characters for resolving the phylogeny of the Poaceae. This data set is considerably larger than the one used in the exploratory matK study of Liang and Hilu (1996) in which 1 7 species were analyzed with 583 nucleotides. of which 8 7 were parsimony-informative. The overall nslnv is 1.33 for the whole matK gene. This nslnv ratio is lower than the 1.79 value obtained by Liang and Hilu (1996) from the 3' region, but is in line with the 1.01 nslnv ratio calculated by Hilu and Liang (1997) for the whole 1natK gene of various plant taxa. The relatively large number of transversion mutations detected in the whole 7natK gene of Poaceae appears to be a reflection of differential rates of transversion mutations in different sectors of the gene (K. Hilu, unpublished data).
B i S -\ L LINE I G C S IN PO -\( E -\E
The Bambusoicleae were traditionally considered the most ancestral group of grasses, but the presence of derived anatomical, vegetative, and some reproductive characters led Soclerstrom (1981) to state that the Bambusoideae are a specialized group. Soderstrom (1981) also stated that among Bambusoideae the herbaceous Streptochaeta has long been regarded as the most primitive grass. Kellogg and Campbell (1987) raised the possibility of a most basal position fbr the "herbaceous bambusoids," while Kellogg and Watson (1993) maintained that the Bambusoicleae cannot be both basal and monophyletic.
Using data from ndhF sequences and cpDNA restriction sites alone or in combination with structural (anatomy, gross morphology. physiology, and chloroplast genome structural mutations) characters, Streptochaeta + Anomochloa, and Pharus (traditionally considered as herbaceous bamboos) emerged as basal lineages with Pharu.s sister to other grasses (Clark et al., 1995; Soreng & Davis. 1998) . Duvall and Morton (1996) also cited support for a basal position of Anomochloa based on rbcL sequences (Streptochaeta and Pharu.s were not sampled). Additionally, the ITS study by Hsiao et al. (1999) supports the basal positions of Streptochaeta and Pharu.s (Anomochloa was not sampled). Clark ancl Judziewicz (1996) placed Anomochloa (Anomochloeae) and Streptochaeta (Streptochaeteae) in subfamily Anomochlooicleae and established subfamily Pharoideae to encompass the Phareae.
Although this study shows Streptochaeta as the most basal genus in Poaceae. it does not support the monophyly of Anornochloa and Streptochaeta as shown by Clark et al. (1995) and in Soreng and Davis's (1998) molecular and combined analyses. Cladistic analysis of 42 structural characters is consistent with our matK results (Soreng & Davis, 1998) . Support for the separation of these two genera as distinct lineages based on matK sequences is reasonable (bootstrap value of 78% and a decay index of 3) and. therefore, these data argue against monophyly of the Anomochlooideae sensu Clark and Judziewicz (1996) . Clark and Judziewicz asserted that it is not easy to find anatomical and morphological synapomorphies to define this clade. The position of Pharus in the nzatK phylogeny is in agreement with all studies that have included this taxon. However, in Soreng and Davis's (1998) analysis of structural characters, Pharus was unresolved with Ere7niti.s ancl these appear as sister to other grasses. Pharus also appeared distinct from all 215 grass genera (including the Bambusoideae) in the numerical study of Hilu and Wright (1982) that was based on 85 structural characters.
DEEP BIrLRC.4TTOi\' IN G R 4 S S PHJ LOGEN7
When Streptochaeta, Anornochloa, and Pharus are excluded from consideration. a split of grasses into two lineages is evident. yet the composition of the groups varied (Davis & Soreng. 1993; Cumlnings et al., 1994; Clark et al., 1995) . The phylogeny based on cpDNA restriction sites (Davis 8; Soreng, 1993) depicted two lineages, one corresponding to the Pooideae and the other including all remaining grass taxa. The alliance of the Bambusoideae-Oryzoicleae clacle with the PACC group in the second major lineage was unstable. and the overall topology of the tree changed considerably after the exclusion of one restriction site (Davis & Soreng. 1993, figs. 2. 3) . In a subsequent cpDNA and structural data study, a bifurcation was not evident (Soreng S; Davis, 1998) . Cummings et al. (1994) reported a phylogeny based on the r11oC2 gene, showing two major grass lineages: (1) Pooideae + Zea (Panicoicleae) and (2) Oryzoicleae-Panicoideae-Arundinoideae-Chloridoideae. The tree was rooted with spinach and tobacco, two very distant taxa. Clark et al. (1995) Table 1 ). For inclels. arrows synlholize synapomorphies and bars indicate autapomoiphies.
Numbers ahove hranches are 1)ootstrap values > 50% and numbers helow branches are decay indices. 
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Pharus that corresponded to: (1) Bambusoideae, Oryzoideae, and Pooideae; and (2) PACC. This split led them to coin the term BOP for the first group, although the clade was weakly supported. Mathews and Sharrock (1996) reported a similar bifurcation based on 174 informative sites from combined phytochrome gene sequence data. However, the Bambusoideae and Oryzoideae were represented only by Bambusu and O r p a , respectively.
The appearance of subfamilies Panicoideae, Arundinoideae, Centothecoideae, and Chloridoideae in one major group was first demonstrated by Hilu and Wright (1982) on the basis of a phenetic analysis of morphological-anatomical characters. Further support for this grouping was provided by the protein and immunological studies of Hilu and Esen (1988) and Esen and Hilu (1989) . This assemblage, which they named PACC, was also evident in the cpDNA restriction site study of Davis and Soreng (1993) . The monophyly of the group has since been substantiated by ovenvhelming molecular and structural data (Davis & Soreng, 1993; Barker et al., 1995; Clark et al., 1995; Duvall & hlorton, 1996; Liang & Hilu, 1996; Soreng & Davis, 1998; Hsiao et al., 1999) . Additional support for the monophyly of the PACC group is evident from the 6-bp insertion at the 3' end of matK that is lacking in other grasses and outside the Poaceae (Hilu & Alice, in press a).
The matK data also show a bifurcation in the evolution of the Poaceae. Following the sequential divergence of Streptochaeta, Anomochloa, and Pharus, the Bambusoideae and Pooideae form a clade supported by an 88% bootstrap and decay of 4, and the Oryzoideae appear sister to PACC. Support for the latter relationship is very low (<50% bootstrap and decay of 1). Therefore, the BOP clade does not gain support from this study, nor is it strongly contradicted. However, the sister-group relationship between Pooideae and PACC is not substantiated by these matK data. In contrast with the well-defined monophyletic PACC lineage, available evidence is inconclusive concerning the phylogenetic affinities among the Bambusoideae, Pooideae, and Oryzoideae.
SISTEhI4TICS OF GRASS SUBFAblILIES
Bumbusoideue. The emergence of Streptochaeta, Anomochloa, and Pharus as basal lineages in the matK phylogeny provides further evidence for the polyphyly of the Bambusoideae as previously suspected by Kellogg and Watson (1993) Davis, 1998; Hsiao et al., 1999) . The clade containing Bambusoideae (excluding Brachyelytrum) shows strong support for the monophyly of the herbaceous genera (98% bootstrap and 7 decay). Within this clade the olyroid genera, Olyru and Lithachne, form a well-supported lineage sister to Pariana (Parianeae). However, the woody bambusoids (Bambuseae) do not segregate into their respective subtribes sensu Clayton and Renvoize (1986) . Sasa and Chusqueu of the Arundinariinae do not appear monophyletic; instead, Sasa forms a strongly supported ;lade with Phyllostachys (Bambusinae), and Chusqueu is unresolved. The lack of support for the monophyly of these two subtribes is also apparent in other studies (Clark et al., 1995; Soreng & Davis, 1998; Hsiao et al., 1999) . These -studies also indicate a position for Brachyelytrum at or near the base of the Pooideae clade.
Pooideae. The Pooideae clade (excluding hrardus) has good support and includes the Stipeae that emerge as a basal lineage along with the unresolved ~Welica (Meliceae). The Stipeae have been inconsistently treated in the Bambusoideae, Pooideae, Arundinoideae, and as a distinct subfainily with affiliation to the Bambusoideae (discussed in Barkworth & Everett, 1987) . The basal or near-basal position of the Stipeae in the Pooideae is in agreement with other molecular data (Barker et al., 1995; Clark et al., 1995; Mathews & Sharrock, 1996; Catalan et al., 1997; Soreng & Davis, 1998) .
The remaining pooid genera form two inajor lineages with Brachypodium as the sister taxon. The Triticeae and Bromeae form one subclade, and the Aveneae and Poeae coinprise the other. This phylogenetic position for Brachypodium is in agreement with Catalan et al.'s (1997) results and does not differ greatly froin that in Soreng and Davis (1998) where the genus was sister to the Meliceae and basal to most of the Pooideae. Brachypodium has been placed in the Triticeae, Bromeae, and Brachypodieae (Bor, 1970; Harz, 1980; Hilu & Wight, 1982; Clayton & Renvoize, 1986; Macfarlane, 1987) . The taxonomic uncertainties regarding Brachypodium are due to its floret characteristics that are intermediate between the Triticeae and Bromeae, possession of smaller chromosomes than those found in the Triticeae, and occurrence of base chromosome numbers of 7, 9, and 1 0 (see Hilu & Wight, 1982) . The mat#-based phylogeny herein supports the tribal rank of Brachypodium.
The position of Bromus as sister to the Triticeae underscores the phylogenetic affinities between these taxa. Bromus is generally placed in its own tribe, and Clayton (1978) considered it a link between the Poeae and Triticeae. The sister relation- Fig. 2 ). The remaining six pooid genera form two lineages: (1) (Soreng et al., 1990; Hsiao et al., 1999) resolve it within the Aveneae. The placement of iwelica as an unresolved lineage at or near the base of the Pooideae is congruent with other molecular phylogenies and supports its treatment as a separate tribe. In the NJ tree, Melica is sister to the Stipeae (Fig. 3) . Bruch?elytrum, traditionally classified in the Bambusoideae, emerges in a clade with i k r d u s (Pooideae; Nardeae) as sister group to the remaining Pooideae. Although this relationship may be inconsistent with traditional classifications based largely on morphology, it is in close agreement with recent phylogenetic studies (Clark et al., 1995; Catalan et al., 1997; Soreng & Davis, 1998; Hsiao et al., 1999) . Each of these studies presents alternative relationships for Brachyelytrum and i!cLrdus, but all indicate that one or both genera are basal in an expanded definition of Pooideae. The overall morphological and anatomical affinity between Nardus and the Pooideae has been demonstrated by Hilu and Wight (1982) . Clayton and Renvoize (1986) asserted that the unusual spikelet of the Nardeae gives no clue to its origin, but proposed that it would be better treated as an early departure from the pooid line before the loss of microhairs. The taxa identified as basal to the Pooideae could fit Clayton and Renvoize's notion of odd genera in an evolutionary transition. A number of thein have one floret per spikelet, a mixture of pooid ancl non-pooid characters, and currently appear as relics having different geographic distributions. This information may point to an early evolution of a pre-pooid group ancl considerable subsequent diversification and geographic radiation.
Oryzoideae. The association of Ehrharta (Ehrharteae) with the Oryzoideae (bootstrap 100% and decay index 10, Fig. 2 ) provides strong evidence for an expanded concept of this subfamily. Historically, the taxonomic position of Ehrharta (Ehrharteae) has been disputed. The taxon has been placed within the Bambusoideae (Renvoize, 1986; Watson & Dallwitz, 1992) , Arundinoideae (Ellis, 1987) , and Oryzoideae (see Hilu & Wright, 1982) . In a review of the Ehrharteae, Tateoka (1963) concluded that the tribe could be placed in or near the Oryzoideae or near the "arundiform" grasses. An arundinoid affinity of the Ehrharteae is dismissed because of its lack of a 6-bp deletion synapomorphic to the PACC clade that includes this subfamily (Hilu & Alice, in press a). An oryzoid alliance of Ehrharta was evident in the numerical analysis of Hilu and Wright (1982) . In contrast, Soreng and Davis's (1998) cladistic analysis of structural characters does not support the inclusion of Ehrharta in the Oryzoideae. The strong support for the Ehrharta-Oryza-Zizunia clade using matK sequences clearly demonstrates the phylogenetic affinity of Ehrharta to the oryzoid grasses. This phylogenetic position for Ehrharta is in agreement with the ndhF-based phylogeny of Clark et al. (1995) , the combined cpDNA restriction site and structural data analysis of Soreng and Davis (1998) , and the ITS-based phylogeny of Hsiao et al. (1999) .
The sister relationship of the oryzoid lineage to the PACC clade in this matK parsimony tree (Fig.  2) is not congruent with studies using other data. Those studies have variably placed the Oryzoideae in an unresolved trichotomy with the Bambusoideae and Pooideae (Clark et al., 1995) , sister to the Bambusoideae (Barker et al., 1995; Hsiao et al., 1999) , or elsewhere (Duvall & Morton, 1996; Mathews & Sharrock, 1996; Soreng & Davis, 1998) . However, this sister position of the oryzoids to PACC is not well supported (bootstrap <SO% and decay index l ) , and the bootstrap 50% majorityrule tree shows subfamily Oryzoideae sister to the bambusoid-pooid clade. Differential weighting of the codon positions also places the oryzoids in a trichotomy with PACC and bambusoid + pooid lineages (tree not shown).
The oryzoid grasses have either been recognized as a distinct subfamily or included in the Bambusoideae. Analyses of structural data have been inconsistent in terms of taxonomic rank of the oryzoids (Hilu & W-right, 1982; Baum, 1987; Campbell & Kellogg, 1987; Kellogg & Watson, 1993; Soreng & Davis, 1998) . The presence of 10-18 kDa (kilodalton) prolamins endorses the affinities between oryzoid and bambusoid taxa (Hilu & Esen, 1988) , but the low immunological cross-reactivities clearly -demonstrate a high divergence (Esen & Hilu, 1989) . DNA data have shown the oryzoids as a distinct entity (Hamby & Zimmer, 1988; Duvall & Morton, 1996; Barker et al., 1995, NJ tree; Clark et al., 1995; Soreng & Davis, 1998) . In this study, the monophyletic oryzoid clade (including Ehrhartu) is strongly supported by a 94% bootstrap and a decay index of 10. This molecular infbrmation thus strongly supports the treatment of the Oryzoideae as a distinct subfamily, although its phylogenetic position is unclear.
Aristideae. This tribe is represented only by Aristida in this study. The basal position of the genus in the PACC clade is weakly supported (bootstrap <50% and decay index 1). The taxonomic position of the Aristideae in the Poaceae is disputable because of unique anatomical features. The tribe has been placed either in the Chloridoideae or Arundinoideae (reviewed in Hilu & Wright, 1982) . Caroline and Jacobs (cf. Jacobs, 1987) found differing differentiation for the two Kranz sheaths in Aristida species from different ecological habitats, leading Jacobs (1987) to believe that Aristida is not distantly related to the chloridoid grasses. Based on -prolamin polypeptide size and i~nmunological similarities, Aristida appeared intermediate between the Chloridoideae and Arundinoideae (Hilu & Esen, 1990 , 1993 Esen & Hilu, 1991) . The prolamin profile of Stipagrostis differs from that of Aristida, and the former shows low im~nunological affinities to Aristida, grouping with the Chloridoideae (Esen & Hilu, 1991) . Sequence data from rbcL show Aristida and Stipagrostis to be monophyletic and sister to the Chloridoideae (Barker et al., 1995) . The chloridoid af'finity of Aristida was also apparent in the ndhF-based phylogeny (Clark et al., 1995) . Although the distinctness of Aristida in the PACC clade is not in question, the phylogenetic position of the Aristideae remains unsettled, especially given that the tribe has been represented by only the type genus in the majority of recent studies. Good representation of the tribe and increased resolution are essential before a conclusive assessment of its taxonomic status and phylogenetic position can be determined. The group represents a heterogeneous assemblage particularly from anatomical and physiological perspectives; Stipagrostis has a Kranz anatomy that differs from the unique Kranz pattern of Aristida; Sartidia lacks Kranz anatomy.
Panicoideae. The Panicoideae do not appear A L monophyletic in our study because the position of Loudetiopsis (Arundinelleae) is unresolved in the parsimony tree ( Fig. 2) and is sister to the Centothecoideae-Panicoideae in the NJ tree (Fig. 3) . However, the remaining eight genera sampled do form a strongly supported clade divided into two lineages: one corresponding to the Paniceae (Digitaria, Echinochloa; and Panicum); and the other representing an apparently paraphyletic Andropogoneae due to the inclusion of Tristachyu (Arundinelleae). Support for the monophyly of the Panicoideae, excluding Loudetiopsis, is very convincing (95% bootstrap and a decay index of 4). Similar results were evident in Clark et al.'s (1995) study that showed Dunthoniopsis (Arundinelleae) nested in a clade comprised of Centothecoideae + Thysanolaena (Thysanolaeneae; Arundinoideae). This clade was sister to the Pancoideae. Tristachya (Arundinelleae) is strongly nested (100% bootstrap and 14 decay) within the Andropogoneae clade of Zea, Sorghuna, Andropogon, and Hyparrhenia (Fig. 2) . The presence of spikelets in triads characteristic of the Arundinelleae breaks down in Tristachya, where paired spikelets of the andropogonoid type are found in some species. Tristachya also emerged within the Andropogoneae in the rbcL and rpoC2 (data set 11) studies of Barker et al. (1995 Barker et al. ( , 1999 . Hsiao et al.'s (1999) ITS phylogeny is the only other study that included an Arundinelleae representative. In their analysis, Arundinella was sister to the Andropogoneae. Thus, it seems that the Arundinelleae are not a monophyletic tribe, but perhaps distributed among at least three lineages. This postulate gains support from the molecular study of Mason-Gamer et al. (1998) in which the Arundinelleae were not monophyletic. The Arundinelleae share some spikelet features with the Andropogoneae and are thought to have given rise to the latter tribe (Clayton, 1981) . The alliance of Tristachya with the Andropogoneae is supported by this matK study but not its ancestral position.
Centothecoideae. The Centothecoideae were segregated from the Arundinoideae by Clayton (1978) ; however, their phylogenetic position remains unresolved. Based on the rbcL study of Barker et al. (1995) , the centothecoid Chasmanthium occurred in a clade with Thysanolaena (Arundinoideae; Thysanolaeneae) and was separated from the Panicoideae by the arundinoid Gynerium. However, the position of Gynerium was described as "equivocal." In the ndhF study of Clark et al. (1995) , the centothecoid genera Zeugites and Chasmanthium appeared in a clade containing Danthoniopsis (Panicoideae; Arundinelleae) and Thysanolaena. In this matK study, the Centothecoideae appear monophyletic and related to the Panicoideae, although support is low and neither Danthoniopsis nor Thysanolaena were sampled. Apart from Chasmanthium, the remaining Centothecoideae (Zeugites, Lophatherum, and Orthoclada) are very closely related ( Fig. 2 ; 100% bootstrap and decay 15), raising the question about the position of Chasmanthium. The centothecoids cannot be included in the Bambusoideae as treated by Watson and Volume 86, Number 4
Hilu et al.
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Dallwitz (1992) because they possess the 6-bp insertion unique to PACC (Hilu & Alice, in press a), and based on their phylogenetic position in this and other molecular studies. A more comprehensive sampling of the Centothecoideae, including potentially related genera such as Danthoniopsis, Gnerium, and Thysanolaena, are important prerequisites for accurately assessing the monophyly of this group and its relationships within PACC. Nevertheless, the studies that have included centothecoid representatives, including this one, demonstrate a greater alliance with the Panicoideae than with either the Arundinoideae or Chloridoideae. Arundinoideae. The Arundinoideae are known to be a taxonomically problematic group. The polyphyletic or paraphyletic nature of the arundinoid grasses has been proposed on the basis of morphoanatomical characters (Campbell & Kellogg, 1987) and rbcL, rpoC2, and ndhF sequence data (Barker et al., 1995 (Barker et al., , 1999 Clark et al., 1995) . The Arundinoideae sample in Barker et al. (1995 Barker et al. ( , 1999 ) is one of the largest among these studies. They presented one of 26 most-parsimonious trees that showed the arundinoids split between two major clades that are supported by bootstrap values of only 33% and 47%. The number of most parsimonious trees and the low bootstrap values make it difficult to assess the relationships of the arundinoid taxa. A more recent study based on the rbcL gene (Duvall & Morton, 1996) implied monophyly of the arundinoids; however, the study included only Arundo and Phragmites.
Our study does not substantiate a rnonophyletic
Arundinoideae. The positions of Arundo and .Malinia + Phragmites are unresolved, whereas Danthonia and Centropodia are closely related to the Chloridoideae. The Phragmites-.Molinia clade is strongly supported with a 98% bootstrap and a decay index of 5 (Fig. 2) . The affinity between Molinia and Phragmites is apparent in Clayton and Renvoize's (1986: fig. 14) diagram of relationships of the Arundineae and is congruent with the results of Barker et al. (1995 Barker et al. ( , 1999 used syn. Moliniopsis) and the combined analysis of Soreng and Davis (1998) . Chloridoideae. The monophyly of the Chloridoideae, which is often disputed, is strongly supported by these matK sequence data (Fig. 2) and a more comprehensive matK study (Hilu & Alice, in press b). The association of Centropodia and Danthonia with the chloridoid clade is quite intriguing. The sister relationship of Centropodia to the Chloridoideae is in agreement with the rbcL-based phylogeny of Barker et al. (1995) , as is the position of Danthonia. Centropodia is traditionally placed in the Arundineae (Clayton & Renvoize, 1986) or considered as a danthonoid (see Barker et al., 1995) . The genus has a well-developed Kranz anatomy (Ellis, 1984) that separates it from the Arundineae and allies it with the Chloridoideae. Barker et al. (1995) indicated that the lack of haustorial synergids supports its exclusion from the danthonoid grasses. The ~nultinerved glumes and lein~nas of Centropodia represent traits shared with the Pappophoreae and Uniolinae, members of a basal chloridoid lineage.
The major tribes Eragrostideae and Chlorideae do not appear to be monophyletic. The lack of support for the Chlorideae and Eragrostideae as distinct lineages was also reflected in the morphological-anatomical study of the subfamily (Van den Borre & Watson, 1997) and the matK-based study of Hilu and Alice (in press b). The emergence of the Pappophoreae, Uniolinae, and Eragrostis in a basal clade is congruent with Hilu and Alice (in press b). Clayton and Renvoize (1986) placed the Uniolinae as a basal group in the Chloridoideae, and Van den Borre and Watson (1997) demonstrated a near-basal position of the Pappophoreae in their phylogeny.
Another noteworthy group includes Sporobolus and Zoysia in a well-supported clade that is consistent with Soreng and Davis (1998) and Clark et al. (1995) . The presence of the Chlorideae genera Astrebla, Chloris, and illicrochloa in a strongly supported clade is taxonomically sound. A similar assemblage was also apparent in Van den Borre and Watson's (1997) ~norphological study. A comprehensive syste~natic study of the Chloridoideae is in progress (K. Hilu & L. Alice, unpublished data).
The matK gene provides sequence information sufficient for elucidating evolutionary relationships among grass lineages. The results of this study identify several well-supported clades that are in agreement with other recent molecular studies. Most evidence points to Streptochaeta and Anomochloa as representing the most basal grass lineages. However, the question of whether these two genera constitute a monophyletic subfamily or two distinct lineages remains unanswered due to conflict among data sets. Pharus has an intriguing position. Although Pharus corresponds with Streptochaeta and Anomochloa by its own distinct lineage, the genus is strongly separated from most other grasses supporting its subfamilial status as proposed by Clark and Judziewicz (1996) . Yet, Pharus shares with other grasses the synapo~norphic 1-bp deletion that is not found in Streptochaeta and Anomochloa (Hilu & Alice, in press a). Subfamilies --
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Bainbusoideae, Oryzoideae, and Pooideae can be considered monophyletic with individual modification. As others have demonstrated, the Bambusoideae should exclude Streptochaeta, Anomochloa, Pharus, and possibly Brachyelytrum, the last mentioned being allied with Nardus and other Pooideae. Oryzoid taxa, including Ehrharta, resolve well from the Bambusoideae and are strongly supported as a monophyletic unit deserving subfamilial rank. The Pooideae are also well supported with their definition expanded to include Brachyelytrum. Based on existing phylogenetic evidence, there is no consensus with regard to the relationships among Bambusoideae, Oryzoideae, and Pooideae or to their affinities with the firmly established PACC clade.
Within PACC, the best supported subfamily is the Chloridoideae. The Panicoideae (excluding Loudetiopsis) and the Centothecoideae are also taxonomically sound groups, although support is low for the relationship between Chasmar~thiumand other centothecoid members. However, the Centothecoideae may be paraphyletic due to the inclusion of such genera as Danthoniopsis, Gyneriurn, and Tlzysanolaena nesting within the centothecoid clades in other studies. Finally, the Arundinoideae are clearly polyphyletic with some elements at or near the base of the Pd4CC clade (Aristida), and others (Danthonia and Centropodia) closely related to the Chloridoideae.
Most molecular phylogenies of the Poaceae have been inferred from chloroplast genome data and, thus, may not be considered truly independent. To further resolve the systematic relationships in Poaceae and to test existing hypotheses, robust, nuclear-based phylogenetic analyses are warranted.
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